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ABSTRACT

Reduced reproductive success of birds nesting near power lines
has been documented but never direutly attributed to electro-
magnetic Aelds (EMFs), Laboratory studics have identified EMF
effects on embryonic develog
wild birds is dependent on a
vgg size, natching, and fled:

1:t, but reproductive success of
anal factors, including fertilioy,
g success. We tested whether
5 affect reproductive suceess of birds. Captive American
{Faico sparverius) were bred for one seasan per year
ot 2 yr under either contrelled or EMF conditions, EMF cx-
posuge was equivalent to that experienced by wild reproducing
kestrels and was weakly ed with reduced egg laving in
1 yr unly. In both years fertility was higher, but hatching success
was lower in EMF pairs than contrel pairs. Fledging success
was higher in EMF pairs than contral pairs in 1993 only, Egg
composition and embryoaic develapment were examined in 1
yr only, but hatchlings we:
were g
el
and longer than contral embryos, alihoug
were sim
sepradic

ke

reasured n bolh years. EMF egys
voik, albumen, and water, but had thin-
shan contral eggs

with maor

ner

crm EMF embryos were
i babchlings
in body mass and size. EMF exposure affected
ve success of kestrels, incrensing fe
embryoenic development, and fledging success but reducing
hatching success,

iarge

v, egg sive,

st e addressed; e-mask fer:

iebS, PG

Introduction

Electrical power lines and towers are beneficial 1o birds, pro-
viding sdditional sites for perching, hunring, and nesting {Olan-
dorff et al. 1981 Steenhof et at. 19931, Consequently, bizds are
exposed to electromagietic tidds (EMFs) gencrated by power
iines. EMFs have affected the bady mass of reproducing adult
male American kestrels { Falco sparvering Feratzand 9993
the melatonin levels of adult and Bedgling kestress (Fernie et
al. 1999}, the growth of nestlings {Fernie and Bird, in press),
and the behavior of adults throughont the breeding season
{Fernie et al. 2000).

The potential effects of EMFs un the teproductive success
of birds are poorly understond, and results have heen equivacal.
Overali nest success of raptors sad ravens (Corvus corax) nest-
ing ot a 500-kV transmissior was similar to or higher than
pairs nesting on surrounding substrates {Steenhof etal. 1993).
However, reproductive success of tree swallows [ Tachyeireta
bicoivr: was lower uhder pewer lines, elthough this coul
ctly atiributed 10 EMF exposure {Doherty and Grubb
1996). Leboratary studies indicate EMF exposure affects early
epbryonic development, delaying development of chickens
(Galius domesticus; Ubeda et al. 1983, 1994 Tuatilainen et al.
1987; but see Matfen et al. 1988; Veicsteinas et al. 1996} and
sea urchins §Strongylacentrotus purpuratus, Cameron et al,
1993} bul, conversely, increasiag body mass of chickens (Rouwe
nkamp 1985) and mice (Kawa

Avian reproductive suceess is a function of fertility. hatching,
ad fledging success, Furthermore, cgg size and composition
are positively related to emnbryonic development, hatching, and
fledging, success in some hirds (Wifliams £994; Finkler et al.
1998). However, research to date has nat determined whether
EME exposure affects fertility, egy size, hatching, or fedying
success. Previous FMF studies used demestic cies (e.g.,
pas: and artificial fncabators o study embrvonic devel-
apment. EMFs can alter temperature and hunidity in ariificial
incubators {I. Ritchie, unpublished data}, affecting embryenic
development and hatching (Martin 1992}, Consequently, we
used u wilé species breeding in captivity, the American kestrel,
with adult birds preducing and mcubating eggs und raising
young. to test the hypothesis that EMFs infiuence reproductive
s af birds
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Material and Metheds

serican kestrels from the Asian Sci-
ence and Conservation Centre of MGl University were stud-
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ied. In 1595, 8 pairs were randomly assigned w the control
igned to the EMF room,
I €996, new birds ware randomly assigned a5 13 control pairs
and 15 BMF pairs 5 were geneticaliy unresated within the
past seven geperations. Fach bird had previous breeding ex-
perience, Within each sex, control and EMF adults were similar
i age (2-3 yr old), body size [wing chord length), body mass,
ané condition at pairing, egg laying, and iacubation {Fernie
and Rird 1999),

In the comrol ard EMF roems, 2umidity, tenzperature, and
phutoperiod were similar and mimicked nateral field condi-
tions {45°30" N, 73°26'W; Fernie er al. 1999} Naise levels and
average light intensity ot head level of the birds were similar
between rooms [Fermie et ab 19997 Noise levels are indicative
af mecharical vibratians from the EMF equipment (ID. Nguyen,
personal communication).

A 60-Hz electrical current in the EMF room created a raag-
netic field of 3¢ micretesta (uT) and an electric field of 10
kvim. EMFs were equivalent to those experieaced by wild
kestrels when aesting under a 735-kV transmeission line run
ning at peak capacity. The EMFs were conzrolled by  coni-
puter to provide consistent and unitorm fiexds (Nguven et al.
19911 The magnetic field of the control room was 2 uT, and
the clectric field was 0.03 kVim,

Kestrels were paired on May 13, 1995, aad May 13, 1996,
EMF exposure to pairs began immediagely and lasted for 95 d
n 1985 and 93 d in 1996, which was 1wk after the last neseling
Hedged. Kestrels were exposed to EMFs for approsimately 21
a/¢ in 1995 and 23.5 hid in 1996, These exposure periods are
comparable to those potentially experfenced by wild kestrels
incubating cggs or broading resttings and perch hunting from
power lines (Feraie et al, 2000},

Lach pair was housed in ¢ visually isolated breeding pen
0.7 ®x 9.7 % 1.2 m). with 2 wooden nest bax (0.3 x 0.3 x
04 m} and rope perch provided. Wood shavings served as
bedding and reszing material. Metal materials were minimized
to reduce disturbznce of the feld and 10 reduce the
possibility of shocks to the birds (F. Renaud, persoital com-
municztion). Magnetic ficlds penetrated all housing materials
1, Ngnven, personal communication ).

room, and 28 pairs were randomiy 1

proximately 0800 hours). Newly laid eggs were Jabwled with a
aontoxc marker to indicate when they were aid |
pleted dutch, Twenty days after incabation hegan, as
Fram the lay date of the penultimate egg (Biod 1988, egas were
wesghed ied (Weller 1956) for fertility, and categorized as
Hving or dead embryo, addled, or infertile. Egg length and width
were measuzed 1o the nearest 001 mm using dighal calipers,
and «gg volume was caleulated using Hovt's {1974) equation:
volume {mm’) = width® « length x (.31, Al measursments
were performed by the same individual to zeduce observer
cfficts,

in 19

cudated

. for compusition analvsis. we callected the third eggs
g
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immediaiely following leying Fggs were immediately boile
and stored frazen [—26°C) before compuosition analysis {Rick-
lefs 19823, Diry weights are reported in Table 2. Eggshell width,
measured o the nesrest 0001 pun using a wnicrometer, was
determuned using five measurernents around the 2gg's wides:
circomference,

Lo 1993, fertde egps that failed 1o hatch 7 J after their es-
timated hatch date were opened. Age at death was
using aging criteria estabiished for American kestrels (Bird et
al 1984} Wet inass was recorded (6 the nearest D1 5 Mor-
phometric neasurements were lahen w the nearst 001 mm
(digital caliper} on the right side of embryos aged 12 d or elder.
The total length of the uncurled embryo; jength of the mid-
toe, tarsuy, and amebrachivm bones; andé width of the eveball
were measured {Bird et al. 1984).

Hatchlings were measured in the morning before adults were
fed. Bedy mass was measured 1o the nearest 3.0 g and length
of the right tarsus and right antebrackivm were measured te
the nearest 0.01 mm (digital cafiper; Negro et al, 19947,

When no year effects were found, data were pooled where
appropriate. Differences between treatinent groups were Lested
with Maan-Whitney U-tests for clutch parameters and one-
way ANOWVAs for egg components and hatchling measure-
ments. Cne hatchling per nest box was randoraly selected. A
pussible assoclation between egg laying and weatment was
tested by logit analysis (Sokal and Rohlf 1993}, Ratio estimators
{Cavhran 19771 and +tests determined treatment effects on
fertility, nazching, and fedgeng suceess. The body mass of eacls
nestling and the volume of the egg from which it hatched were
correlated using Pearson’s prodace-moment correlations.

Embryonic growth snalyses were restricted to 23-27-d-old
embryos because age effects on emibryo growth were lingar and

mogt of the embrvo mortality occarred at this age, Within this
sample, @ significant amaunt of variation could L explained
by age for all measurements except inass (ANCOVA, P> 045,

¢d using six Gnear
riables in 2 principal components
incipal compeneat (PCH of the
verad embryo size, Secend, given
the PC1 results, we tested which merphelog character was
maost affected by EMF expesure, analyzing cach character sep-
arately aind using 4 sequential Bonferreni proceduse 1o cerrect
« values {Rice L9KGL

MEASPrENents a
amalysis §PCA)L
PCA was used as an index ¢!

Results

Clutch size. the namber of days from pairing to clutch initi-
ation, and the length of the &
tween
P

ity sequence were simidlar e-
ME and contrel pairs (Mana-Whitney U-tests, alj
W51 In heth yea

e mar of the pa ane
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ble 13, Second clutches were not lad, EME exposure
wis weakly associated with a reduction in the number of paiss
laying a clutch in 1995 (37 = 319, P =B.67) but not in 1996
(¥ 5.
Fertility was hi

zher in FMF clutches than in control clutches
in 1995 ( Pen03) and in 1996 {1, = -7i8, Px
G.001; Table 1), Fertdicy was higher in 1995 than in 1996
(1,0 = 1948, P GODTY

Mear: egg volume per clutch was Sarger for EMF clutches
{138 x 03 «m*) than for comtrol clutches €12.9 = 04 cm'y
3 individual EMF eggs used for composi-
o larger in volume than condrol eggs
qum 25 F\-dl Q,gs had hewvier yolks

mmasncd more water (E 4 =4 h, P<0.05). Eggshdls

egs tended to be thinner than control ggwhsﬂa (F: i

lus~ from tert le eggs after 20 d o n iali P>0.8%).
After correcting for egg volume {d g companents by vol-
ume), EMF epgs had significantly thinner eggshells (F = 8.80,
P<0.01; Table 27 and slighsly more dried wbumen (F =342,
P =007} than conmral eggs,

In 1995, EMF embiyos were srrusturally larger overali (PCI,
594, P< 0.08) aud longer (F = 1167, P<0OB!} tanwon-
embryes. EMF embryas were 45.5 = 0.8 mm long, and
control embryos were 41.3 = 2.9 mm long,

EMT and contrel Saschlings wene similar in body mass and
size [tarsus, antebrachium fengths; all #>0,12), Egg volume
was not correlated with body mass of hatchlings (&l P> 0.46).

Hatching success, measured as the percentage of fertile eggs
that fatched, was lower in EMF clutches than control clutches
in 1995 {1.=200, P<G05) and in 1996 i1, =-2.11, F<
: able 1), Matching success was lower in 1993 than in 1996
(1= =336, P00
Fledging success, the percentage of hatched young within a
T that tledged from the nest, was higher in the 1995 EMF
wreup than in the centrul group (4, = +9.17, P< 0.601; Tuble
L. All 1996 b ags fedged, but sample sizes were smali
IN< 3 per grous).

ol

i

Tabte 12 Reproduclive

Discussion

To the best of our knowledge, this is the first stady that iden-
tified that EMF exposure directly affeuted reprocuctive success
of hirds, used a wild species under controlled EMF conditions.
and used natural incubation to identify BMF effects nn em-
bryoaic development. EMFs had no effect on duwch size, the
peried of clutch formation, or ciutch initiation date. These
eters for the American kestrels used in this study were
tstent with daty for capiive and wiid American xestrels
|h1rd 19881

Fertility was higher for EMF pairs than for contral pairs,
although ebserved copulatory rates were similar between
groups (Permie et ol 20005 In contrast, Sikov er ol {1984}
found that fertility was unatfected in rats exposed to a 10-fold-
higher electric field {100 kV/m) than was vsed in our study,
Light Mtensity (Davis et al. 1993) and elevared ambicat tem-
peratures (Mcllaniel et al, 1995) atfect fertiiity in birds but
were similar berween the EMF and central roams [Fernie et
al. 1999). We can offer no explanation for the berter festititg
of EMF paits.

EMF chutches wer

arger in velume than control clutches.
In some birds, egg size increases with laying dote and rising
ambient tempelatures {Terrins 1996}, Celd temperatures dur
ing folflicular and egg development reduced (Magrath 1942} or
increased epg sive (Williams and Cooch 19961, Yet laying dates
werre similar for contol and EMF pairs, as were temperature
¥ between fhe two experimental moms. Prey oz

3 sence egg size of raptors (Hakkarainen
Viche and Bortolotti 1995), However,
kestrels in this Slud‘v were fed ad lib. before and throughout
the reproductive season, and there were no EMFE effects on
couttship feeding rates (Fernie et 21, 2000) or fond intake (Fer-
nic and Bird 1999),

The larger volume of EMF epgs canaiot be explained by <Jif-
ferences between parent birds. EMF and coniral ferales were
similar in bady sire, mass, 2nd condition at pairing and during
eyy laving i Fernie and Bird 1999). Mean eyg, volume was pos-
itvely correlatedt with body condition of female American kes-

ts of American kestrels exposed to electromagnetic Gelds (EMFay ot

controtied conditions for one breediag season per year, 1993 and 1996

1995

Cantrol (9}

Conryral (%)

5, wne clulch wié ...

; 77
rotal cggs ER RIS TUE N 5 6l & 5
riite cggs . e s2 L = 43 333 %
Fledging atched ... + 47 i+ 6277 100
AR 1998 hatchlings Hedged, but sample sizes were small IN< 3 per
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Table 2: Components of eggs laid by American kestrels exposed to electromagnetic fields (EMFs) of

coniralled condition:

: cne breeding season, 1993 only

Control EMF P Value
Sample size inember of eggs) ... 25 19
Not eorrected for volume:
Volume (o’ oo 1399 = 2.60 & 133 5.36 02
Shell width (mm) 3 2 602 RUIPEY 312 08
Yolk {g) 134 *+ @2 N4 548 m
Abumen {g) . A x 02 a7 429 0z
B L L B S 15 437 L3
Corrested for volum
Shell width (mm) ... 0= 02 % 177 B+ 03 % 1077 8% 01
Albumen (g mam™ . R N 32 & 01 % 1077 342 07

tdf= 14z

trels before egg laying ;Wiebe and Bortolotdd 1995). Further-
mare, ¥ounger females and females with minimal breeding
experience procducs smaller eggs in some species (Williams et
sl 1993 Hipfoer ¢t al, 19971 Age and breeding experience
were controlled for and were ssmilar besween EMF and coatrol
groups {Feraie and Bird 1999).

The farger volume of EMF egys is nut a function of cutch
size and laying sequence, as in some species [Sagsvold et al.
1984; Williams 1994;. Clutch sives were simslar herweer treat-
ments, and the effect of laving sequence was eliminated by using
the mean volume per cutch, Consequently, increased eng vel-
ume per clutch was a function of EMF exposure.

The thinness of EMF eggshells may be a function of the
£MFs acting on the adult female, disrupting the deposition of
shell in the oviduct. Turthermore, while egg sive increased, the
caleium supply within the female did not increase propartion-

ally tn muintain cggehell thickness in relation to the larger egg
size, The thinness of EMF eggshells i$ nut related to embryonic
skeletal development because eggshell thickaess was measured
in freshly loid eggs when shell reserption was o
EMF expusure incressed embryonic growth in 1995 throuph
the larger volurce, yolk, albumen, and water content of £MF
2ggs. The incregse in albumen and yolk is consistent with
changes in egg size of wther bird species (Mills 1979 Ankney
1980}, Albumen and water content are the mam facters de-
termining near-term embryo size {Finkler et al, 1998}, The
farger and langer EME expused kestrel embryos are consistent
with siniar studies of EMF-exposed mouse fetases LKowalczok
et al, 1994} but comtrast with other research in whic E
axposure either had no embryvonic effects (Meffoo ot al. 1988
Kowalezuk ot al 1994 Veicsteinas ot al. 19967 or caused dis-
ruption to early embryonic development of chicks, sea urchins,
and mice [Ubedka ot al, 1983, 1994 Juusilainen et al 1987,
Cameron et al. 1933},
s of kestrels was redaced by EMF exposure,
was unaffected {a rats (Buragk

mal.

et al. 1984; Sikov et al. 1984). The reduced harching success of
the farger FMF eggs was surprising, as larger eggs have hetter
hatching success in several bird species (Wiche and Bortoletri
1995 Amundsen et al. 1996 Yerrins 1996), Smalier female
kestrels had peorer hatching success {Bortalotti and Wiebz
1993), but EMF and contrel fernales were similar in body size
and musgs befare and during incubation (Feraie and Bird 1959),

Kestrel eggs and associated embryos that failed to hasch
showed ne visible deformities. Most of these unbatched em-
bryos bad died within 3 ¢ before hatching, Death of older
wstrich (Struthio camelus) embryos was related to malposition-
ing and edema {Brown et at. 1996} Malpositiening of embryos
was, unfortunately, aot recorded in oor study. Edema is cor-
relazed to water loss and egg sizes heavier eggs lose propor-
tionally less water {Martin and Arnold 19911, Eggshel: thickness
and poresity affect shell conductance, which governs water Inss
and oxygen regulation (Vieck and Vieck 1996 Altaough the
EMF eggs were Lieavier (Fernie 199%) and had thinner eggshells,
water loss from fertlie EMF eggs at 20 d of incabation was
simiar to controls, Shell pornsity and gaseous exchinge were
not measured but require further study given the thinner egg-
shelis and poorer hatching success of EMF pairs.

The Targer size of the EMF embryas may also expiain the
reduced hatching success of the EMF pairs, particuiariy because
hatchlings were r in body mass and size between groups.
EMF exposure mav have affecied the thyreid hormones, growth
hormens, and/or suiiu-like growth factors of these entbryos,
ab LHese purameters are invowved fn embd developrent
ew et al, 1996 MoMustry et al. 19971 EMF exposure af-
fected melatonin in Aedgling an:d aduit male kesrrels (Fernie et
al. 1999},

Although the EMF voung hatched from larger egps, there
was no correlation bretween egg size and hatchiing mass. 4 lack
of coreelation between cgg size and body mass i aiso reported
for other birds {Williams 1994},

Aftborgh EMF engs were lerger than conteoi eggs, EME
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ar wn bedy mass and size but had better
fledging success than controls, These resuits do not support the
hypotaesis that cgg size has ro residual effect on chick survival
uatit fledging (Williams 1994}, Furthermare, cur results con-
trast with the reduced fledging success of tres swallows under
power lines (Boherty and Grubb 1996}, The better fledging
success of the 1995 £MF group may be related to the EMF
nestlings heing heavier and larger than the contral nestlings
(Fernie and Bird, in press). Our results indicate that EMFs
increase the mortality of youny before hatching but have no
adverse etfect on fHledging success.

The fertility, hatching, and fledging success af the control
and EMF kestzels within our experiment are fewer than the
average success of 73% or more for captive and wild American
kestrels {Bird 19881, The low reproductive succest in our study
and, particularly, the reduced harching success of §
1996, are very likely a function of the high degree of distabance
as previousty cbserved with captive kestrels (Muir 1995},

In summuary, EMF pairs had higher fertility but peorer hateh-
fug success. Fledging success was higher in 1995 EME pairs
than controls. Mean egg volume, egg components, and em-
bryonic growth were greater in the EMF group, but EMF egg-
shells were thinmer than control shells, EMT exposure had no
effect on hatchling mass or size, and there was 20 correlation
between egg size and hatchling mass. EMF exposure te adult
American kestrels affected reproductive success, parsicutarly in-
ing fertility, eag size, embryanic development, and fledging
success but reducing hatching success.

Cre
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